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Abstract 
The increase in global energy demand and decrease in easily extractable light crude oil has 
generated a growing interest in heavy oil exploitation. However, the high viscosity of heavy oil leads to 
exploitation, transportation and refining challenges. In this context, microwave irradiation of crude oil 
samples from Sudan, China (Liaohe) and Venezuela were carried out to investigate the mechanisms of 
viscosity reduction. Saturate, aromatic, resin, and asphaltene (SARA) analysis of the crude oils was 
conducted according to the American Society Test and Materials standard, ASTM D4124-09. The SARA 
fractionation results demonstrated that microwave irradiation may affect the structure of resin/asphaltene 
micelles, thus leading to a change in the viscosity of the crude oil. The crude oils were further examined 
using the combined analytical techniques of electrospray ionization and Fourier transform ion cyclotron 
resonance mass spectrometry (ESI FT-ICR MS). The results from ESI FT-ICR MS analysis 
demonstrated that microwave irradiation of crude oil with a high proportion of O2 compounds leads to 
polymerization, and ultimately an increase in the viscosity of the crude oil after microwave treatment. In 
other cases, cracking might occur due to the microwave heating.  
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1. Introduction 
In recent years, factors such as increasing global energy demand, and rapid economic development 
of countries such as China and India, has led to the high consumption of petroleum products. To meet 
this demand, increased attention is focused on unconventional resources such as heavy oil and oil sands 
due to their enormous reserves. Heavy oil is defined as crude oil with a relative density higher than 0.92 
or if the oil viscosity is higher than 100 mPa·s at the reservoir temperature. Heavy oil currently occupies 
at least half of the world’s recoverable oil resources [1,2], and is mainly distributed in Venezuela, 
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Canada, Russia, America and China [2,3]. However, drilling and transportation of heavy oils is a 
challenging task due to its high viscosity and high density, which can lead to flow and processing 
problems. 
The main methods to reduce the viscosity of heavy oils include heating, dilution, emulsification, 
using chemical agents, catalytic reforming and microwave heating. Conventional heating is the 
predominant technique used for reducing viscosity due to crude oils high sensitivity to temperature. 
However, this is an energy intensive method, which necessitates the combustion of 1% of transported 
crude oil to meet the energy requirements. Moreover, heavy oil viscosity reduction by the conventional 
heating method is a reversible process, thus, the viscosity level approaches the original value once the 
temperature decreases. Consequently, several heating equipments must be installed along the transport 
pipeline to maintain the viscosity at an acceptable level. As a result, the capital and operational costs of 
the conventional heating method is significantly high especially over long distances of pipelines [2]. 
Another widely used method for viscosity reduction is the dilution of heavy oil by mixing with 
lighter liquid hydrocarbons [1,4,5]. This is the simplest method, and it is more efficient for low wax 
content oil. For this method there must be a light oil resource and the crude oil needs to be dewatered 
before mixing. However, the physical properties of the crude oil will change if mixed with other oils. 
Another important drawback is that the transport capacity significantly increases. It is also important to 
highlight that the addition of light paraffin could lead to asphaltene precipitation, this may cause 
problems during the oil production [6,7]. Other viscosity reduction techniques, such as emulsification, 
chemical dosage, ultrasonic treatment and magnetic treatment, have been widely investigated but still 
have their limitations. There is currently no specific method to solve all the problems encountered in 
heavy oil transportation and exploitation.  
Microwave heating effect arises from the interaction between the electric field and the charged 
particles in the material. If the charged particles are bound within regions of the material, i.e. in liquid or 
solid substances, the electric field will cause them to move until opposing forces balance the electric 
force. High frequency microwaves are responsible for collisions amongst the moving molecules due to 
the induced dipole moments produced by the applied electric fields. This in turn is responsible for 
heating [8]. In general, the higher the induced polarity, the greater the influence of microwaves. 
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Therefore, microwave heating possesses the advantages of selective heating and volumetric heating. 
Due to the specific microwave heating mechanism, more and more applications have been employed to 
the oil industry, including petroleum exploration and transport. Research proves that microwave heating 
can irreversibly reduce the viscosity of heavy oils [9-11]. This technology is efficient, clean and 
generates no pollution. Microwave energy was first used in the 1950s for petroleum exploitation [12]. In 
1977, Bosisi et al [13] carried out the first experiment of microwave extraction of asphaltene from sand 
shale, they found that the average molecular weight of asphaltene after microwave heating is lower than 
that of conventional heating. Moreover, small amount of CO2, CO, H2, CH4, C2H6 gases were produced. 
Bosisi et al [13] also found thermal cracking of asphaltene occurred under microwave irradiation, which 
could be attributed to the thermal effect of microwave. 
Researchers have examined the technology of microwave assisted exploitation. Sresty et al [14] 
found that 35% oil can be obtained from oil sand after microwave treatment. Pizarro et al [15] conducted 
a low frequency electrical heating field trial in the RIO Panan oil field in Brazil, and showed that the 
output can be increased from 1.2 bbl/d to 10 bbl/d after 70 days at a heating power of 20 kW. Wall [16] 
proved by experiment that the exploitation of high pour point crude oil is more economical through 
microwave technology, the produced oil obtained lower water content relative to the oil generated from 
conventional heating. 
Recent studies show that the combination of electromagnetic (EM) heating and gas injection can 
efficiently enhance the oil recovery, a recovery of 45% was achieved using the combination of 
electromagnetic heating and gas injection, however only 24% and 20% oil can be obtained by applying 
electromagnetic heating and gas injection respectively [17]. The electromagnetic heating reduces the 
viscosity of oil, whilst the injected gas sweeps the heated oil away towards the production well, thus 
providing improved recovery rates [17]. Combining solvent injection with EM heating has also proved 
to further reduce the energy intensity of the process [18,19]. The research of Hu et al [18] shows that 
combined EM heating and solvent assisted gravity drainage could effectively enhance heavy oil 
recovery up to 83.59% by using alternate EM heating and n-octane injection. With EM heating alone, 
the recovery is only 12.37%.  
There are two theories on the mechanism of microwave viscosity reduction of heavy oil: thermal 
effect and non-thermal effect [10,11,19-23]. For the thermal effect, microwave selective heating makes 
the temperature distribution within the treated material non-uniform, the temperature in the polar 
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component (resin and asphaltene) area is much higher making these materials decompose into small 
molecule materials, thus reduced the viscosity [10,11,19,20,22]. The theory of non-thermal effect states 
that microwave heating could reduce the molecule’s activation energy and then induce cracking at low 
temperatures [21-23]. 
Although many studies have shown that microwave radiation may reduce the viscosity of crude oil 
irreversibly, the principles are still unclear, and there is a lack of research at the molecular level to 
analyze the reduction mechanism. The aim of this work was to investigate the effect of microwave 
treatment on the viscosity, SARA content, and heteroatom compounds of crude oil samples from Sudan, 
Liaohe (China) and Venezuela. In order to examine the mechanism of viscosity reduction by microwave 
irradiation at a molecular level, SARA fractionation and ESI-FT ICR MS analysis were carried out. 
2. Materials and methods 
2.1 Materials 
All solvents and reagents used in saturate, aromatic, resin and asphaltene (SARA) fractionation are 
of analytical grade without any further purification. The solvents used in ESI FT-ICR MS are of HPLC 
grade and used as received. The crude oil samples used in this study were obtained from Sudan, 
Venezuela and Liaohe (China). The characteristics of the crude oil samples are listed in Table 1. 
2.2 Microwave-assisted viscosity reduction 
Experiments were carried out using a 3 kW single mode microwave cavity system, operated at 2.45 
GHz (Figure 1). Fifty milliliters of crude oil sample was loaded in an 80 ml poly-tetrafluoroethylene 
(PTFE) reactor. The reactor was then sealed and heated by a continuous microwave irradiation at 2 kW 
for 5 min. The viscosity of the treated sample was measured using Brookfield DV-II+ Pro Viscometer 
after it was cooled down to room temperature. 
2.3 Hydrocarbon group types analysis 
The crude oil and microwave treated samples were subjected to a standard SARA fractionation test 
according to the American Society Test and Materials (ASTM D4124-09). The sample was first 
separated into alkane-insoluble asphaltenes and an alkane-soluble fraction by n-heptane. The n-heptane 
soluble fraction was then absorbed onto a column filled with calcined alumina and further separated into 
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saturates, aromatics and resins factions using a series of elution solvents, i.e. n-heptane, toluene and a 
mixture of toluene and ethanol (1:1 v/v). The solvents in each effluent were then removed by vacuum 
rotary evaporation. 
2.4 Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) analysis 
FT-ICR MS is currently the highest resolution mass spectrometer available. The heteroatom 
compounds in the crude oil cannot be detected under general conditions, but can be accurately identified 
with this high-resolution mass spectrometer [24]. 
Electrospray ionization (ESI) enables the identification of heteroatom compounds, down to trace 
quantities. The combination of ESI with FT-ICR and MS provides important means for the analysis of 
non-hydrocarbon compounds in heavy oil. 
Crude oil and microwave treated samples were analyzed using a Bruker Apex Ultra FT-ICR MS 
equipped with a 9.4 T actively shielded superconducting magnet. Sample solutions were prepared at 0.2 
mg·ml-1 in 1:3 (v/v) toluene/methanol for the positive ion mode and at the same concentration in formic 
acid for the negative ion mode. The parameters of the negative and positive ion modes are listed in Table 
2. 
3. Results and Discussions 
3.1 Effect of microwave radiation on viscosity 
The effects of microwave radiation on the viscosity of three different crude oil samples were 
investigated by applying continuous microwave irradiation to the oil samples at 2 kW for 5 min. The 
viscosity of the crude oil and microwave-treated samples are plotted in Figure 2. The viscosity of Sudan 
and Venezuela crudes reduced by 43.8% at 30℃ and 28.9% at 85℃, respectively after heating. Both 
changes in the viscosity were permanent. However, Liaohe crude exhibited an opposite response to 
microwave heating, the viscosity increased by 42.7% at 40℃. Most studies of crude oil microwave 
heating in literature reported a reduction in the viscosity after microwave irradiation. This was 
reportedly due to the heat generated by microwave-induced molecular movements [25,26]. However no 
explanation was given for the irreversible change in the viscosity, or in some cases the increase in the 
viscosity after microwave heating. Therefore, in order to investigate the mechanism of viscosity 
reduction by microwave irradiation at a molecular level, SARA fractionation and ESI-FT ICR MS 
analysis were conducted. 
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3.2 Influence of SARA fractions on crude oils’ viscosity 
The SARA analysis was conducted on all the three crude oil samples before and after microwave 
irradiation. The results are listed in Table 3. The measurement standard error for the SARA fractions is 
±0.63%. By comparing the viscosity and SARA compositional data of 200 crude oil samples, Malkin et 
al [27] found a general trend that an increase in asphaltenes, resins, and aromatics leads to an increase in 
viscosity, while an increase in saturates results in a drop in viscosity. This finding was also applicable to 
the three crude oils in this work. The order of the viscosities of the three samples followed the trend of 
their saturates and asphaltenes concentrations. Venezuela crude had the highest viscosity with the 
highest asphaltenes concentration and lowest saturates concentration, while the Sudan crude had the 
lowest viscosity with the lowest asphaltenes concentration and highest saturates concentration. However, 
this general trend does not explain the mechanisms of viscosity changes after the microwave treatment. 
The saturates concentration of the microwave treated Sudan crude decreased by 4.4%, while its viscosity 
reduced after the microwave treatment. The saturates in Liaohe crude increased by 4.1% but its viscosity 
also increased after microwave treatment. There is no significant difference for SARA contents before 
and after microwave treatment of Venezuela crude. A 7.0% increase of the aromatics concentration in 
Sudan crude oil and a 4.1% decrease of the one in Liaohe crude oil were also observed. The trend of the 
viscosity changes against the changes of the aromatics concentration was also contradictory to Malkin’s 
finding. Therefore, the change of SARA fractions alone cannot be used to explain the viscosity changes. 
The ratio of resins to asphaltenes is another useful parameter, which has been widely used as a key 
indicator of asphaltene stability. Higher ratio of resins to asphaltenes leads to higher asphaltene stability 
[28]. This is based on the micelle theory of the physical structure of crude oils. In this theory asphaltenes 
are the centers of micelles formed by adsorption of resin compounds on the surface or into the interiors 
of the asphaltene particles. The greater molecular weight substances and those with the most pronounced 
aromatic nature are situated closest to the nucleus and are surrounded by lighter constituents of lesser 
aromatic nature. The transition of the intermicellar phase is gradual and almost continuous [29,30]. The 
presence of resin compounds is essential for the dispersibility of the asphaltene constituents. As shown 
in Table 3, the ratio of resins to asphaltenes for the Sudan and Venezuela crudes increased. This could 
lead to a higher stability of asphaltenes in the crudes, therefore, lower viscosity. In contrast, the ratio of 
resins to asphaltenes for the Liaohe crude reduced, resulting in the higher viscosity. This shows that the 
microwave irradiation might affect the micelle structure formed by resins and asphaltenes, and lead to a 
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change in the viscosity. 
3.3 Influence of microwave irradiation on the heteroatom compounds 
The presence of small amount of heteroatom compounds can remarkably affect the crude oil’s 
properties, including its viscosity [31]. It is necessary to analyze the heteroatom compounds to better 
understand the effect of microwave irradiation at the molecular level. Quantitative analysis was carried 
out on all oil samples before and after the microwave irradiation using ESI FT-ICR MS analysis. The 
standard sample - C18D35HO2 with the concentration of 10
-5 mol/l was used to investigate the changes of 
molecular compositions within crude oils (Figure 3). 
In order to make a more intuitive comparison of the composition changes after microwave 
treatment, the heteroatom compounds were classified in the positive and negative ion modes. Figures 4 
and 5 show the distribution of heteroatom classes in the crude oils before and after the treatment. The 
percent relative abundance is the summed abundance for each class divided by the abundance of all 
species. Seven and four chemically distinct classes were detected in the samples from the negative ion 
and positive ion ESI FT-ICR MS, respectively. Comparing the three crudes, it was found that Venezuela 
crude had the highest amount of N1S1 compounds in both the negative and positive ions ESI FT-ICR 
mass spectra, which corresponds to the high sulfur content reported in Table 1. The class of N1 
compounds was the most abundant heteroatom class in Sudan and Venezuela crudes, while the O2 class 
was the most abundant heteroatom class in Liaohe crude. The relative abundance of O2 class has been 
associated with the acid content in crude oils [32], which could explain the high acid value of the Liaohe 
crude (Table 1). 
The contents of N1 compounds decreased and O2 compounds increased after microwave treatment 
for both Sudan and Liaohe crudes based on the negative ion ESI FT-ICR MS analysis, whereas for the 
Venezuela crude, the trend was opposite. From the positive ion ESI FT-ICR MS analysis, the relative 
abundance N1 compounds for Sudan and Venezuela crudes were lower after microwave irradiation, 
while for Liaohe crude, the value increased. These findings indicate that even though the viscosity is the 
result of the combined effects of various factors, basic nitrogen compounds within the crude oils may 
have a great influence on the viscosity.  
In order to analyze the chemical composition changes, double bond equivalents (DBE) of N1 and 
O2 compounds were studied before and after microwave treatment (Figures. 6 and 7). DBE is defined as 
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the number of rings plus double bonds involving carbon for a petrochemical composition, CcHhNnOoSs: 
DBE
h n
c 1
2 2
                         (1) 
From Figures 6 and 7, minimal changes can be found after microwave treatment, in order to 
analyze the chemical composition changes in detail, the unsaturated N1 and O2 compounds of the crude 
oil samples were grouped by their carbon numbers based on the data in Figures 6 and 7. These two 
classes were chosen as they were the most abundant classes in the crude oil samples. The results are 
plotted in Figures 8 and 9 with the difference before and after the microwave treatment marked in red.  
As shown in Figure 8, after microwave irradiation, the abundance of the N1 compounds with 
higher carbon numbers for all three crudes increased above the carbon number. The abundance of the N1 
compounds in the Liaohe crude reduced in the carbon number range of 20-30, and the abundance of this 
class increased in the carbon number range of 45-65 after the microwave irradiation. This observation 
indicates that polymerization could occur during the microwave treatment.  
Figure 9 shows the abundance of the O2 compounds in the crude oils before and after microwave 
irradiation. The abundance of the O2 compounds in the carbon number range of 20-40 in Sudan crude 
decreased significantly and some smaller compounds were detected in the range of 10-15. This suggests 
that cracking occurred during the microwave treatment for Sudan crude. This might explain why the 
viscosity of Sudan crude reduced after microwave irradiation. The abundance of the O2 compounds of 
Venezuela crude also reduced, leading to lower viscosity. However, for Liaohe crude, the abundance of 
the O2 compounds with the high carbon number increased. This indicates polymerization could be the 
dominate reaction for Liaohe crude during the microwave treatment. It also resulted in higher viscosity 
of Liaohe crude after microwave irradiation.  
3.4 Mechanism of viscosity changes due to microwave irradiation 
The results obtained demonstrate that the constituents in the crude oils are the key factors in 
determining its viscosity, especially the heteroatom compounds. Under microwave irradiation, the polar 
substances such as S, N and O containing materials absorb more microwave energy, thus may induce 
some reactions. Polymerization could occur in a crude oil with more O2 compounds (high acid value) 
under microwave irradiation, resulting in increased viscosity. In other cases, cracking may occur due to 
the microwave selective heating and result in a reduction of the viscosity. Since asphaltenes and resins 
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are composed of highly poly-aromatic species with alkyl side chains and heteroatoms (S, N, and O) and 
metals (especially Ni and V), making them the most polar and heaviest petroleum fraction. These polar 
materials will induce intermolecular interactions such as acid-base, hydrogen bonding, coordination, and 
π-π stacking interactions [33]. Microwave irradiation can also affect the interaction between substances 
in the crude oils and change the micelle structure within them [34-37]. It could lead to stability changes 
of the asphaltenes/resins micelle structure and thus the viscosity of the crude oils. 
Since the composition and physical structure of crude oils are excessively complex, viscosity is not 
induced by one single component. It is a result of the combination of various components and their 
interactions. The effect of microwave irradiation on the interactions between the components in crude 
oils is complex and requires further research. Future work will focus on studying the interactions 
between different substances from both experiments and simulations methods. 
4. Conclusion 
In this work, the effect of microwave treatment on the viscosity, SARA content, and heteroatom 
compounds of crude oil samples from Sudan, Liaohe (China) and Venezuela was investigated. 
Microwave irradiation highly affected the viscosity of crude oil. The increase or decrease of viscosity 
depends on the composition of the crude oil, especially the heteroatom compounds. The viscosity of 
Sudan and Venezuela crudes reduced while that of Liaohe crude increased after microwave irradiation. 
SARA fractionation results showed that microwave irradiation affect the stability of the 
asphaltenes/resins micelle. An increase or decrease in the ratio of resins to asphaltenes after microwave 
treatment leads to a decrease or increase of crude oil viscosity, respectively. The ESI FT-ICR MS results, 
demonstrated that a high proportion of O2 compounds would cause polymerization and result in an 
increase of the viscosity after the microwave irradiation. In other cases, cracking might occur due to the 
microwave heating.  
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Figure Captions 
Figure 1. Microwave treatment system 
Figure 2. Viscosity of the crude oil samples before and after the microwave treatment (2kW for 5 minutes) 
Figure 3. Negative ion ESI FT-ICR mass spectra for Sudan crude oil before and after microwave irradiation (left) and 
the segment enlarge mass spectra (right) (a: crude oil; b: crude oil after microwave) 
Figure 4. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from negative ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
Figure 5. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from positive ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
Figure 6. DBE distribution of N1 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
Figure 7. DBE distribution of O2 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
Figure 8. Changes of N1 compounds in crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
Figure 9. Changes of O2 compounds in the crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
 
Table Captions 
Table 1 Key physical properties of the crude oil samples 
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Table 1 Key physical properties of the crude oil samples 
Item Sudan Liaohe Venezuela 
API ° 22.3 15.2 16.1 
Density (20 °C), kg·m-3  0.92 0.95 0.96 
Oil classification 
Middle-Naphthene 
based 
Middle based Naphthene based 
Acid value, mg KOH·g-1  2.13 4.70 1.24 
Viscosity (40 °C, cP) 202.1 1112.2 1546.4 (85 °C) 
Carbon residue, % 7.53 9.00 11.13 
Sulfur, % 0.75 0.34 2.49 
Nitrogen, % 0.51 0.38 0.46 
Nickel, μg·g-1  54 46.8 79 
Vanadium, μg·g-1  0.9 1.54 396 
 
Table 2 Operating parameters of the negative and positive ion ESI source 
Parameter Negative ion mode Positive ion mode 
Polarization voltage 4500 V 4600 V 
Inlet capillary voltage 4100 V 4100 V 
Outlet capillary voltage -320 V 320 V 
Ion accumulation time of hexapole 0.01 s 0.001 s 
Ion source RF voltage of hexapole 300 Vp-p 700 Vp-p 
Quadrupole optimization mass Q1 m/z 250 Q1 m/z 200 
Collision cell argon gas flow rate 0.3 L·S-1 0.3 L·S-1 
Collision energy 1.5 V -1.5 V 
Collision cell accumulation time 0.01 s 0.001 s 
Sampled mass range 154~800 Da 154~800 Da 
Infusion flow rate 180 μl·h-1 180 μl·h-1 
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Table 3. The changes of the SARA fractions of the crude oil samples after microwave irradiation (a. crude oil; b. oil 
sample after microwave irradiation)* 
Sample 
Saturates (S) Aromatics (Ar) Resins (R) Asphaltenes (As) R/As 
Fraction 
(%) 
Change 
(%) 
Fraction 
(%) 
Change 
(%) 
Fraction 
(%) 
Change 
(%) 
Fraction 
(%) 
Change 
(%) 
Ratio Change 
(%) 
Sudan 
a 45.76 - 24.79 - 24.45 - 5.00 - 4.89 - 
b 43.77 -4.4% 26.53 7.0% 24.90 1.8% 4.81 -3.9% 5.18 6.0% 
Liaohe 
a 40.98 - 28.79 - 21.25 - 5.5 - 3.86 - 
b 42.67 4.1% 27.6 -4.1% 20.8 -2.1% 5.44 -1.1% 3.82 -1.0% 
Venezuela 
a 20.31 - 38.81 - 29.72 - 10.94 - 2.72 - 
b 20.11 -1.0% 39.49 1.8% 29.78 0.2% 10.86 -0.7% 2.74 0.9% 
* The measurement standard error for the SARA fractions is ±0.63%. The SARA total fraction is normalized to 100%.  
 
Figure 1. Microwave treatment system 
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Figure 2. Viscosity of the crude oil samples before and after the microwave treatment (2kW for 5 minutes) 
Figure 3. Negative ion ESI FT-ICR mass spectra for Sudan crude oil before and after microwave irradiation (left) and 
the segment enlarge mass spectra (right) (a: crude oil; b: crude oil after microwave) 
Figure 4. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from negative ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
Figure 5. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from positive ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
Figure 6. DBE distribution of N1 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
Figure 7. DBE distribution of O2 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
Figure 8. Changes of N1 compounds in crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
Figure 9. Changes of O2 compounds in the crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
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Figure 3. Negative ion ESI FT-ICR mass spectra for Sudan crude oil before and after microwave irradiation (left) and 
the segment enlarge mass spectra (right) (a: crude oil; b: crude oil after microwave) 
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Figure 4. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from negative ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
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Figure 5. Relative abundance of heteroatom classes for the three crude oils before and after microwave irradiation 
derived from positive ion ESI FT-ICR MS (a. Sudan crude, b. Liaohe crude, c. Venezuela crude) 
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Figure 6. DBE distribution of N1 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
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Figure 7. DBE distribution of O2 compounds within Sudan, Liaohe and Venezuela crude oils before and after 
microwave treatment 
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Figure 8. Changes of N1 compounds in crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
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Figure 9. Changes of O2 compounds in the crude oils before and after microwave treatment (a. Sudan crude, b. Liaohe 
crude, c. Venezuela crude) 
 
